INTRODUCTION
The exposure of persons to environmentally distributed radionuclides may involve a number of exposure pathways. Among these are submersion in contaminated air and immersion in contaminated water. Dose rate coefficients for external exposures relate the dose rate to organs and tissues of the body to the concentrations of radionuclides in environmental media. For external exposures, the types of radiation of concern are those sufficiently penetrating to deposit ionizing energy in radiosensitive organs and tissues as well as less penetrating radiations that primarily deliver dose to the skin and other outlying organs and tissues. Radiations considered in this report are limited to photons, electrons (including bremsstrahlung) and positrons.
When performing computations of doses to tissues of the body from radiations emitted by radionuclides in an environmental medium it is a common practice to consider idealized exposure geometries in which the radionuclide concentration in the medium, seen from the location of an exposed individual, is uniform and effectively infinite or semi-infinite in extent. The dose rate coefficient incorporates the transport of emitted radiations in the environment and subsequent deposition of ionizing energy in the tissues of the body. Calculations of dose rate coefficients for radionuclides involve multiple steps beginning with the transport of source particles and secondary radiations from the source to the phantom. This is typically performed for discrete source energies. In this work, tallies within organs specified in the ICRP 103 (1) recommendations for determining effective dose were performed at energies ranging from 0.01 to 5 MeV. Dose rate coefficients for specific radionuclides were derived by interpolation of their emissions using the discrete source energies. In the case of photon emitters this endpoint is sufficient to determine organ equivalent dose and effective dose rate coefficients since the emission spectra can be folded with the dose rate coefficients and summed over each photon emission weighted by the photon yield. For source particles that include electron emissions, however, additional steps are necessary since beta emissions are not monoenergetic and bremsstrahlung production must also be considered. The contribution from bremsstrahlung can be significant since these photons can contribute to organs located at relatively deep depth within the body where electrons are unable to penetrate.
In this work dose rate coefficients for the electron, positron and photon emissions of the radionuclides addressed in ICRP Publication 107 (2) were calculated. For a few radionuclides, spontaneous fission also produces penetrating radiations of potential importance; however, for the vast majority of radionuclides, external dose is entirely due to photon and beta radiations. Prompt and delayed emissions for photons and electrons following spontaneous fission were included in the decay data tabulations of ICRP 107 and thus incorporated in the calculations of dose rate coefficients. The dose contributions from neutrons accompanying spontaneous fission were not included in the coefficients because detailed information has not been assembled on the radiation field resulting from distributed sources of neutrons in the environment.
A number of reports have tabulated dose rate coefficients for external irradiation of the body from radionuclides distributed in the environment, among the most recent being Yoo et al. (3) and Petoussi-Henss et al. (4) As a result of limitations in computational methods or available information, tabulations generally rely on idealized assumptions regarding the exposure conditions. Irradiation from bremsstrahlung has been ignored in some cases, even though for pure beta emitters it is the only source of radiation that is sufficiently penetrating to result in a dose to tissues below the surface of the body. In this paper, minimal simplifying assumptions were made in an effort to improve estimates of doses to tissues based on the hypothesized distributions of radionuclides in the environment. Early estimates of submersion dose (e.g. Poston et al. (5) , O'Brien and Sanna (6) and Eckerman et al.
) generally were based on Monte Carlo calculations with poor statistics for some organ doses due to limitations in the computer systems. Saito et al. (8) published a compilation of organ doses due to air submersion based on Monte Carlo methods that overcame many of the limitations in earlier works. Petoussi et al. (9) computed dose rate coefficients using stylized and CT-derived phantoms of various ages.
The computational approach of Federal Guidance Report (FGR) 12 (10) was a combination of deterministic and Monte Carlo methods. External dose rate coefficients for radionuclides in soil, air or water were derived using an adult hermaphrodite phantom (11) . With the exception of dose rate coefficients for skin, the coefficients were based entirely on a Monte Carlo approach. The contribution of electrons and positrons to the skin equivalent dose rate was based on point kernel methodology.
Since the publication of FGR 12, advances in both software and hardware facilitated improved calculation of organ dose as a result of exposure to contaminated air or water. Aside from the computational streamlining, the present report incorporates six age-specific phantoms from newborn through adult while FGR 12 only considered an adult. The calculations in this work employed MCNP6 (12) in conjunction with ENDF/B-VI.8 (13) cross-sections. Radionuclide dose rate coefficients are based on nuclear decay data of ICRP 107 that includes a larger number of isotopes and refinements to the decay data relative to ICRP Publication 38 (14) that was used in the FGR 12 calculations.
MATERIALS AND METHODS

Computational phantoms
In this work a series of stylized computational phantoms were used representing a newborn, 1 year old, 5 year old, 10 year old, 15 year old and adult (see Figure 1 ). These phantoms were originally developed at Oak Ridge National Laboratory (ORNL) in the early 1980s (11) and modified in the mid2000s by the University of Florida and ORNL (15) . The update of the phantoms included changes to the head, brain, extrathoracic airways, kidneys and rectosigmoid colon and the addition of explicit representations of the salivary glands, alimentary track mucosa, respiratory tract airways and the urinary bladder. Tissue compositions and densities were modified to follow the guidance of ICRP Publication 89 (16) and ICRU Report 46 (17) and translated for use with the MCNP6 radiation transport code. (12) For additional information on the stylized computational phantoms, the reader is directed to Han et al. (15) and Bellamy et al. (18) An advantage of the stylized phantoms lies in the determination of dose to the skin. Voxel phantoms are typically limited in resolution such that precise calculations at the 0.007 cm depth recommended by the ICRP are not possible. This is particularly important for radionuclides with significant fractions of beta and/or low energy photon emissions during decay. The stylized phantoms include the organs and tissues in the ICRP 103 (1) tissue-weighting factors with the exception of the lymphatic nodes and the extrathoracic (ET) region. For these two tissues, the soft tissue and the lung were used as surrogates for the lymphatic nodes and ET region, respectively.
Comparison studies
The present results were compared to the results of Yoo et al. (3) and Petoussi-Henss et al.
; as well as the values reported in FGR 12 for comparison to the results presented here. Regarding the FGR 12 data, it should be noted that some minor corrections were made following report publication. These changes were captured in electronic versions of the dose rate coefficients and those values were used for this comparison. The effective dose rate coefficients of FGR12 were computed using the tissue-weighting factors of ICRP Publication 26 (19) and later re-computed with ICRP 60 (20) guidelines. A significant numerical change in the effective dose rate coefficients results from inclusion of a weighting factor for skin with minor changes associated with inclusion of other tissues and modification of their weighting factors. For the benefit of the reader a brief summary of the assumptions and methods used in references (3, 4) is provided here. Yoo et al. (3) employed the ICRP 110 male and female reference phantoms (21) for calculations of air and water submersion coefficients similar to the present work. For the air submersion scenario a 4 m ground depth was assumed. The authors utilized the MCNPX (22) transport code for all calculations and included photons and x-rays in the transport, but adopted the skin dose rate coefficients from the FGR 12. Absorbed dose rates were estimated using the kerma approximation; that is, secondary electrons were not transported. For low energies and small organs, an approximation was used. For air submersion calculations, a cut-off distance (COD) corresponding to 2.5-6 mean free paths was used. For water immersion, the COD was about 7 mean free paths.
Petoussi-Henss et al. (4) utilized a series of voxel phantoms including the ICRP 110 reference phantoms as well as a newborn, two children, and one male and three female adult phantoms, one of which was pregnant. Transport calculations were performed using the EGSnrc code (23) for photons; however, the work did not consider electron sources. The absorbed dose was tallied in organs, although in some cases surrogate organs were used to reduce computational times. The reader is directed to Table 4 of Petoussi-Henss et al. (4) for information on the use of organ surrogates.
Computational methods
In this work the MCNP code version 6 (12) was used for all transport calculations. To determine the energy deposition within organs the kerma was scored using the MCNP F6 tally. The kerma tally employs the average track-length estimator folded with energy-dependent kerma factors within the MCNP6 code. The contribution of secondary electrons to the kerma was considered using the thick target bremsstrahlung approximation (12) . The detailed physics treatment of MCNP was used including bremsstrahlung production.
The calculation of the effective dose E was based on the tissue-weighting factors of ICRP Publication 103 as:
where H T M and H H T F T
F are the equivalent dose to organ T of the male and female phantom, respectively and w T is the organ or tissue-weighting factor. The summation in the first term on the right hand side of the equation extends over all (14) tissues with explicit weighting factors (see Table 1 ). The second term represents the average equivalent dose to the tissues of the remainder listed in the footnote of Table 1 . The remainder group consists of 12 tissues within each gender plus two gender-specific tissues for a total of 26 tissues. The weighting factor applied to the equivalent dose in the remainder is denoted as w Rem and from Table 1 is 0.12. The stylized phantoms used were hermaphroditic, thus, both male and female sex organs were determined in the same calculation.
Air Submersion calculations
Description of scenario
Air submersion dose rate coefficients were calculated assuming an individual standing on the ground and exposed to a uniform airborne contamination of a monoenergetic photon emitter. Source photons were uniformly sampled within the cloud volume. The computational method involved two steps to improve transport calculation efficiency. First, a calculation of photons incident on a closed surface surrounding a phantom was performed for 12 monoenergetic photons ranging in energy from 10 keV to 5 MeV. A cylinder of height 200 cm and radius 30 cm was used to represent the closed surface. The energy, fluence and angular dependence of the particles incident upon the coupling surface was tallied for use in the second calculation step. Next, the computation of organ equivalent dose rate coefficients due to photons transported from the coupling cylinder into the phantom was performed.
Air composition and density
The air composition, given in Table 2 , was for conditions of a relative humidity of 40%, a pressure of Table 1 . ICRP 103 tissue-weighting factors (1) . 760 mm Hg, a temperature of 20°C and a density of 1.2 kg m −3 , which is identical to the air composition and density used in FGR12.
Computational geometry
The exposure scenario is approximated as an infinite cloud source with the dose rate near the air-ground interface from a semi-infinite cloud source assumed to be one half that due to an infinite cloud source, following the practice of other authors (5, (24) (25) (26) . Ryman et al. (27) showed this to be a good approximation for air dose (within 20%) at energies of 20 keV or greater. At energies below 10 keV (the lowest energy considered here), the dose at the interface should still be one-half that due to an infinite source, but there will be an increase in dose with increasing height along the phantom since the mean free path of these photons is adequately short so that the upper portions of the phantom are effectively exposed to an infinite source. Between 10 and 20 keV there will be some increase in dose with increasing height; however, this has not been considered since the increase over the dimensions of the body should be small. The uniformly distributed monoenergetic photon emitter in an infinite volume was simulated using a finite geometry by employing a cube with 10 m side length containing an emitter of unit strength (1 Bq m −3 ) within the volume. The planes defining the cube were set as reflectors within MCNP that conserved the particle energy (i.e. the particles did not lose energy upon reflection by the surface). Using this method, an infinite volume is represented and all photons generated do not escape but down-scatter and are eventually absorbed within the air inside the cube. The cylindrical coupling surface (e.g. the surface source write feature of MCNP6) is placed in the center of the cube and records the position, angle and energy of incident photons. This method produces energy-dependent fluence nearly identical to the method used in FGR 12 as shown in Figure 2 . Calculations were performed for 13 monoenergetic sources ranging in energy from 0.01 to 5.0 MeV.
Photons
Organ dose rate coefficients in each phantom were computed using the photon information from the MCNP source write file. Tissue doses were calculated as the product of a track-length fluence estimator and tissue-specific kerma coefficients. Dose rate coefficients for active marrow and bone surface were based on a track-length fluence estimator combined with ICRP skeletal fluence-to-dose response functions (11) . Tally errors were maintained to <1% in muscle. Effective dose rate coefficients were then computed using Eq. 1.
Electrons and positrons
The dose rate to the skin from electrons and positrons was calculated for a series of monoenergetic electrons emitted within the air. The contribution of electrons to the dose in tissues other than skin need not be considered due to the short range in tissue of electrons emitted by radionuclides. However, bremsstrahlung produced by electrons slowing down in environmental media can be sufficiently penetrating to contribute to the dose to underlying tissues. Skin dose rate coefficients developed by Kocher (28) for airborne monoenergetic electron emitters were adopted. For submersion in an infinite, uniformly contaminated air, the skin dose coefficient at a depth of 70 μm as a function of initial kinetic energy E is shown in Figure 3 . The source region is assumed to be effectively infinite if one considers the skin tissue at a height of 1 m. The skin dose rate coefficients were coupled with the spectra of the various radionuclides using the energy and intensity of beta and electron emissions. These data were also applied both to discrete internal conversion electrons and to electron and positron spectra.
The annihilation of positrons emitted within the air creates two 0.511 MeV photons. The contribution to dose of these photons is treated in the same manner as any other photon emission. Positrons incident on the body contribute to the skin dose as negatrons (electrons). Positrons undergoing annihilation within the body contribute a negligible contribution to the equivalent dose because most positron annihilation occurs in the surrounding atmosphere, not within the body.
When electrons and positrons slow down in a medium, a small fraction of their initial kinetic energy is converted into bremsstrahlung energy. Bremsstrahlung energy is distributed from zero up to the initial electron energy. Although the bremsstrahlung yield is small (about 0.2% for a 1.0 MeV electron in air), for a pure beta emitter it is the only source of radiation sufficiently penetrating to irradiate deeper-underlying tissues.
Calculations of bremsstrahlung spectral shapes are lengthy because of the complexity of the bremsstrahlung cross-section formulas. However, Pratt et al. (29) tabulated bremsstrahlung cross-section data for electrons of kinetic energy between 1 keV and 2 MeV incident on neutral atoms of atomic number between 2 and 92. This tabulation is based on bremsstrahlung cross-sections believed to be accurate within at least 10%. Seltzer and Berger (30) extended these data to energies up to 10 GeV and included neutral atoms of atomic number up to 100. The scaled bremsstrahlung spectral shape data of FGR Report 12 for electrons of kinetic energy between 1 keV and 10 MeV are based on Pratt et al. (29) Figure 4 shows the external bremsstrahlung spectrum of Kr-85 in air computed using these data. The contribution of bremsstrahlung to organ dose was evaluated by convolution of continuous bremsstrahlung spectra over the photon monoenergetic dose coefficients.
Immersion in contaminated water
Computational geometry
Dose rate coefficients for water immersion were calculated under the assumption of complete immersion in an infinite volume of uniformly contaminated water. In contrast to air submersion, with Monte Carlo methods it is possible to simulate an effectively infinite pool using relatively small dimensions since the linear attenuation coefficients of water are much greater than those for air. The water density was taken to be 1 g cm −3 and the composition by mass fraction was 0.112 for H and 0.888 for O.
Photons
The source for the water immersion calculations was modeled as a cube of water having sides of length 400 cm (approximately 11 mean free paths for 5 MeV photons) containing a uniformly distributed monoenergetic photon source and the age-specific phantom placed in the center of the source region. Organ dose rates were calculated without the use of a coupling surface using track-length fluence estimators and kerma coefficients within MCNP.
For the water immersion, forward Monte Carlo calculations gave statistically acceptable results for photon energies above 30 keV. Due to the small mean free path in water for photons below 30 keV, forward Monte Carlo calculations did not produce statistically acceptable results within a reasonable time, especially for small organs. Several methods of variance reduction were investigated for this simulation, with the source-tally reciprocity method chosen. The reciprocity method allows for the interchanging of the source and the tally region under certain circumstances that were determined to be valid in this case and gave approximately the same answer as the forward calculation. Using reciprocity calculations in the energy range from 10 to 20 keV and forward calculation from 0.03 to 5 MeV, it was possible to calculate statistically acceptable answers for all organs in question over the complete energy range. The reader is directed to Reference (31) for further details on these calculations.
Electrons
The dose rate to the skin from electrons emitted within the water was calculated for a series of monoenergetic electrons in a manner similar to that discussed for air. The skin dose rate coefficients for waterborne electron emitters were also adopted from the work of Kocher (28) . For immersion in an infinite, uniformly contaminated body of water, the skin dose rate coefficient at a depth of 70 µm as a function of initial kinetic energy E is shown in Figure 5 . The contribution to dose to the skin and underlying tissues due to bremsstrahlung and annihilation photons associated with positron emission was also found using the manner described for air submersion.
Generation of radionuclide dose coefficients
Radionuclide-specific dose rate coefficients, ḣ T S for tissue T and exposure mode, S, were computed as:
where the outer summation extends over electron, positron and photon radiations emitted by the radionuclide. The first term within the major bracket sums over all radiation i of type j emitted with yield
The integral of the second term is over the continuous beta and bremsstrahlung spectra. The quantity
is the monoenergetic dose rate coefficients discussed above for radiation type j and tissue T. The yield of the various radiation types and the beta spectrum, if applicable, of the radionuclide was those tabulated in ICRP 107.
RESULTS AND DISCUSSION
The effective dose rate coefficients for discrete energies are provided in Table 3 for air submersion and in Table 4 for water immersion. The methods described above were used to generate dose rate coefficients for submersion in air and immersion in water for 1252 radionuclides. Selected dose rate coefficients are listed in Table 5 along with results from the comparison studies. A note on the FGR12 coefficients is in order. Although FGR12 implemented the ICRP 26 methodology, additional results based on the recommendations of ICRP 60 were also computed and published electronically. Since the tissue-weighting factors of ICRP 60 include skin, the results for nuclides that include electron emissions (e.g. 85 Kr, 90 Sr and 90 Y) were impacted. As evidenced by the results in Table 5 , skin can play a strong role in the effective dose. For radionuclides that include significant photons emissions, variations in the dose rate coefficients between the various ICRP recommendations are a result of differences in the organ and tissue-weighting factors applied as well as the computation of the remainder organ dose. Under ICRP 26 guidance the gonad dose was taken as the maximum of the ovaries and testes values while under ICRP 60 the gonad dose was the average of the gender-specific organs. For external radiation the testes dose typically exceeds that of the ovaries. Tables 6 and 7 list the effective dose rate coefficients for selected radionuclides by phantom age for air and water immersion, respectively.
For most radionuclides the difference in effective dose rate calculated under the methods of this work using the ICRP 103 recommendations and those reported by Yoo et al. and Petoussi et al. was minimal indicating that the stylized phantoms provide an adequate substitute for the voxel models. The advantage of the stylized phantoms, as noted earlier, is the more representative skin model allowing for dose computation at the appropriate depth. Given the impact of the skin dose rate on the nuclide coefficient this advantage can be significant. The inclusion of source electron emissions and bremsstrahlung production results in significant differences for radionuclides such as 85 Kr. The ratio of effective dose rate of the FGR15 adult phantom to the FGR12 effective dose rate (using ICRP 60 tissue-weighting factors) and to other age-specific phantom calculated for FGR15 for the water immersion and air submersion scenarios are respectively shown in Figures 6 and 7 .
Plots of the adult effective dose rate coefficients calculated under FGR 12 (ICRP 60 tissue-weighting factors and ICRP 38 decay data) guidelines and this work (ICRP 103 tissue-weighting factors and ICRP 107 decay data) for 825 radionuclides for air submersion are shown in Figure 8 and in Figure 9 for water immersion.
CONCLUSION
The effective dose rate coefficients for immersion in contaminated air and water have been reported. These results compare favorably with previously published values and, where differences exist, are owed to the inclusion of electron emissions and bremsstrahlung radiations. The effective dose rate coefficients for the 14 radionuclides provided here give an indication of the impact of the methods used compared to other studies. The coefficients are similar to those computed under the auspices of 
Yoo et al.
This work FGR 12 (ICRP 26) FGR 12 (ICRP 60) Yoo et al.
Ag-110m 1. ICRP 60, but differ from values provided by others owing to differences in transport methods and assumptions made by the authors of the comparator studies. The complete compilation of 1252 radionuclides will be released by the US EPA in its upcoming FGR15 report.
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